Abstract-Optical coherence tomography (OCT) is a rapidly emerging imaging modality that can non-invasively provide cross-sectional, high-resolution images of tissue morphology in situ and in real-time. Previous studies have demonstrated that OCT is capable of accurately visualizing the pathological changes in the living kidney in vivo using the Munich-Wistar rat model. In this work, we establish, for the first time, the capability of OCT to image the intact human kidney ex vivo. Characteristic kidney anatomic structures including the blood vessels, uriniferous tubules, glomeruli, and kidney capsules can be readily discerned. The diameter and volume parameters of these structures can also be automatically quantified. These two parameters may be critical in clinical applications such as the assessment of the donor kidney's viability prior to transplantation, or image the kidney responses to ischemic insult.
I. INTRODUCTION
Optical coherence tomography (OCT) is a highresolution, cross-sectional, three-dimensional imaging modality that measures the echo delay of light to generate images [1] . Although the light scattering properties of biological tissue typically limit light penetration to less than 2 mm, this imaging depth has proven sufficient to provide valuable information about tissue pathology in a number of biomedical fields including ophthalmology [2] , cardiology [3] , and gastroenterology [4] , [5] . OCT can be interfaced with various imaging devices such as catheters, endoscopes, laparoscopes, and needles, with typical image resolutions of 1-15 µm [6] . Therefore, OCT will be a promising imaging modality to assess tissue pathologies in situ and in real time.
One potential but under-explored OCT application is to evaluate the viability of donor kidneys [7] . The kidney is one of the most important organs in the human body. Blood vessels, uriniferous tubules, and glomeruli perform basic functions in the kidney. For example, glomeruli, which are cluster of tiny blood vessels (capillaries) filters and allows water and soluble wastes to pass through. Previous study indicated that proximal tubular structure and post-transplant viability are closely correlated [8] . In recent studies, living rat kidneys were observed in vivo before, during, and after an ischemic insult [9] . OCT imaging enabled visualization of the morphology of blood vessels, uriniferous tubules, and glomeruli. Three-dimensional measurement provided quantitative evaluations of the volume changes in tubular lumens in response to renal ischemia. OCT represents an exciting new approach to visualize, in real-time, the pathological changes in the living kidney in a minimallyinvasive fashion.
The purpose of this study is to investigate the ability of OCT to image human kidney morphology, which is an important step before translating this promising technology to clinical applications. Past studies, such as the above mentioned, have been successfully performed in animal models. Although these foregoing studies demonstrated the ability of OCT to image rat kidney pathology in situ, if OCT is to be used for the assessment of the donor kidney prior to its transplantation, its applicability to image the human kidney in real-time, such as imaging resolution, penetration depth, and the capability to reveal human kidney microanatomy, must be evaluated.
II. MATERIALS AND METHODS

A. Human Kidney and Histology
This study protocol has been approved by the Institutional Review Boards (IRB) at both the University of Maryland and Georgetown University. Four donor kidneys were obtained through the Washington Regional Transplant Consortium (WRTC). Upon arrival, the kidneys were fixed by vascular perfusion with 10% neutral formalin (through the renal artery) to preserve their renal morphology. After the OCT image acquisition, the location and direction of each scanned section were marked with ink, for subsequent standard histology processing. A serial of 4 µm thick sections were cut, stained with hematoxylin-eosin (H&E), and photographed with a Nikon Eclipse 80i (Nikon, Melville, NY) attached to a digital camera Nikon DS-Fi1 (Nikon). The micrographs were obtained for comparison with OCT images.
B. Optical Coherence Tomography Imaging
A high-speed high-resolution OCT system (Thorlabs Inc., NJ, USA) using swept source/Fourier domain detection that enables three-dimensional (3D) OCT imaging in situ was used in this study. The light source was a wavelength-swept laser light source generating a 100 nm full width at half maximum (FWHM) bandwidth at approximately 1300 nm, yielding approximately 10 µm axial image resolution in the tissue. The laser operated at a swept rate of 16 kHz with an average output power of 12 mW. The imaging was performed using an OCT microscope setup with a frame rate of 30 frames per second. Fig. 1 shows the overall schematic of the OCT system used in this experiment. The inset in the lower left corner of Fig. 1 shows the photo of the imaging instrument used in the experiment. 
C. OCT Image Processing and Analysis
3D OCT images of the kidney measuring 2.5 mm by 2.5 mm by 2.5 mm (with 512 x 512 x 512 pixels) were obtained from various locations on the human kidneys within minutes, in a non-contact manner. To quantitatively evaluate the OCT images and obtain diagnostic information, image processing was performed on the individual cross-sectional (XZ plane) OCT images. The image processing included four major steps. First, the raw OCT image data were obtained. Then the structures in the OCT image (such as uriniferous tubules and vessels) were segmented from the kidney parenchyma based on their different backscattering intensities. Next, an intelligent image processing algorithm was used to automatically separate all the isolated sections (i.e. uriniferous tubules) from the segmented images. The algorithm systematically filled the region up to the section boundary and labeled each region with a unique index. This algorithm also allowed different regions to be individually selected and analyzed. The boundary and skeleton were subsequently generated for each isolated section. Finally, the sizes of those isolated sections were calculated based on averaging the shortest distances among the boundaries and skeletons. It was therefore possible to obtain all the individual segmented images as well as their dimensional information.
III. RESULTS
Raw OCT image data were collected by the experiment instrumentation setup, and then visualized in real time. Images along the three orthogonal image-planes (XY, YZ, XZ) in the Euclidean space were displayed sequentially. Moreover, the rendering of the images provided a 3D volumetric view. The computed microstructure sizes were then added to the reconstructed images, revealing quantitative information of the kidney microanatomy.
The interested kidney microstructures including the uriniferous tubules, blood vessels, and glomeruli were identified based on their distinct morphologies. Comparisons between the OCT image and corresponding histological micrograph indicated a close match for regions of interests (ROI). In addition, the resolution of OCT images is proven to be comparable to that of conventional histopathology. Fig. 3a shows a representative crosssectional OCT image of the human kidney, and Fig. 3b is the corresponding histopathology. It is clearly observed that OCT can penetrate through the kidney capsule (C) with a penetration depth of more than 0.8 mm. The kidney microanatomy including uriniferous tubules (T) and glomeruli (G) were also readily distinguished. For those regions without any microstructure, the light intensity decreases exponentially over the depth due to the light scattering effects. However, microstructures such as uriniferous tubules or blood vessels alter this exponentially change and reduce the light intensity to lower intensity levels, due to minimal light backscattering within these structures. After the light passes through these structures, the light continues decreasing exponentially again. This phenomenon results in relatively higher light intensity below some of the microstructures (Fig. 4C and D) . The OCT image data set was further segmented and analyzed to quantify the luminal diameter of the blood vessels. Fig. 5A shows the 3D reconstruction images of the ROI with continuous blood vessels after intensity segmentation. The morphological features of the blood vessels can be comprehensively examined. Fig. 5B shows the quantification of the representative blood vessels luminal diameters. The vessel size ranges from 20 µm to 170 µm, as displayed by the color scale in Fig. 5B . From the segmented images, individual vessels can be isolated automatically by the image processing algorithms, and their diameters can be quantified. It is also possible to estimate the total blood vessel luminal volume from the segmented images. These two parameters (diameter and luminal volume) may be related to the physiological function of human kidney and could serve as the indicative parameters for assessment of transplant kidney viability. Future work will involve the quantification of those two parameters for different human kidneys, and compare them with the histopathology for diagnostic calibration.
IV. DISCUSSION AND CONCLUSION
We have demonstrated the capability of OCT imaging of human kidney microanatomy. The ability of OCT to provide 3D, high resolution imaging illustrates the potential of using OCT to image the donor kidney structures and to evaluate the organ viability, or image the responses to acute kidney injury.
